Abstract Immunotherapy is coming to the fore as a viable anti-cancer treatment modality, even in poorly immunogenic cancers such as glioblastoma (GBM). Accumulating evidence suggests that the central nervous system may not be impervious to tumor-specific immune cells and could be an adequate substrate for immunologic anti-cancer therapies. Recent advances in antigen-specific cancer vaccines and checkpoint blockade in GBM provide promise for future immunotherapy in glioma. As anti-GBM immunotherapeutics enter clinical trials, it is important to understand the interactions, if any, between immune-based treatment modalities and the current standard of care for GBM involving chemoradiation and steroid therapy. Current data suggests that chemoradiation may not preclude the success of immunotherapeutics, as their effects may be synergistic. The future of therapy for GBM lies in the power of combination modalities, involving immunotherapy and the current standard of care.
Introduction
Immunotherapy is rapidly becoming one of the pillars of anti-cancer therapy. While previously abandoned as an implausible cancer therapeutic, recent advances in the understanding of immune checkpoint molecules and cancer-specific antigens has propelled immunotherapeutics toward becoming robust anti-cancer agents. Immunotherapy has come to the fore of anti-cancer therapy with the approval in 2010 of sipuleucel-T, the first antigen-specific vaccine for castration-resistant prostate cancer, and in 2011 the approval of Ipilimumab, the first checkpoint inhibitor for advanced melanoma [1, 2] . While a number of cancers have been amenable to immunotherapeutic approachesmelanoma for its immunogenicity, prostate for its prevalence of characterized and targetable antigens-Glioblastoma (GBM) has not received similar clinical successes, likely for its poor immunogenicity, few characterized cancer antigens, and for its location in the immunologically distinct CNS.
The most prevalent brain tumor, GBM is associated with a dismal median overall survival of 1-2 years and a 5-year survival rate of \10 % [3] [4] [5] . Temozolomide, surgical resection and radiation comprise the current standard of care for GBM, but even standard therapy has only modestly improved overall survival [6] . Nevertheless, preclinical studies suggest that immunotherapies elicit significant antitumor responses in GBM, and that the CNS may not be an immunologically exclusive entity. Moreover, current immunotherapies may have the potential to work synergistically with the standard of care for GBM, providing promise for improvements in overall survival beyond the current standard. Immunotherapeutic agents have begun to alter the landscape of anti-tumor therapy for a number of cancer types, and GBM is no exception.
Principles of immunotherapy
The role of the immune system in the control and progression of tumor growth has been well described [7] . The adaptive immune response selectively destroys tumor cells displaying unique cancer antigens, initially protecting the body from aberrant cancer growth. Highly immunogenic tumors will arise in the absence of such effector mechanisms, as in Rag2-deficient mice that lack T, B, and Natural Killer (NK) cells [8] . While protective at the initiation of tumor cell proliferation, the selective pressure placed by immune effector cells on tumor growth results in the outgrowth of cancer cells that do not express immunogenic molecules [7, 9] . This process of immune-mediated editing of the tumor microenvironment has been described in three phases: elimination of immunogenic tumor cells by adaptive and innate immune responses, equilibrium between tumor cell growth and anti-tumor immunity, and escape of poorly immunogenic cancer cells that proliferate and outpace immune-mediated anti-tumor activity [9] . The basis of anti-cancer immunotherapy is to counteract immune evasion of cancer cells by priming, augmenting, or disinhibiting the effector immune response in the tumor microenvironment. Immunotherapeutic modalities may be divided into three major approaches: cytokine-based, passive therapy, an active immunotherapy.
Cytokine therapy
Cytokines are broad activators of immune function that stimulate anti-tumor effector cell proliferation. The earliest studies in immunotherapy tested intra-peritoneal injections of interferon in mice injected with Ehrlich ascites tumor cells; inhibition of tumor growth and increased survival were directly correlated to interferon therapy administered after tumor inoculation [10] . At a basic level, cytokines were understood to be potent regulators of immune activity, and the observation that their ability to stimulate antitumor immune function began decades of study in their use as anti-cancer agents [11] . Gamma-chain cytokines are the most widely studied class of cytokines, including interleukins IL-2, IL-7, IL-15, and IL-21 [12] . Interleukin-7 is responsible for T cell development and up-regulation on effector T-cells destined to become memory cells [13, 14] . Preclinical studies have shown increased anti-cancer immune-mediated cytotoxicity and IFN-c expression in murine colon cancer treated with IL-7, while mouse sarcoma and glioma models have demonstrated tumor rejection mediated by CD8? T-cells after IL-7 exposure [15] [16] [17] [18] . A phase I study in renal cell carcinoma (RCC) treated with an IL-7-expressing tumor vaccine demonstrated increased IL-10 expression mediated by Th2 effector cells in responders, and increased circulating CD4?, CD8? and CD3? T-cells were observed in refractory solid cancers treated with IL-7 [19, 20] . Interleukin-15 is involved in CD8? memory T-cell maintenance and NK cell maturation. While preclinical studies are limited to an increase in antigen-specific T-cells after culturing with IL-15 in melanoma and plasmacytoma, a number of phase I studies are ongoing in NSCLC, RCC, squamous head and neck cancer, and melanoma [21] [22] [23] . Produced by CD4? T-cells, IL-21 possesses the dual effect of inhibiting regulatory T-cell (Treg) function while stimulating CD4?, CD8? and NK cells [24] [25] [26] . Melanoma treated with IL-21 in a phase 2 study demonstrated a 22.5 % overall response rate, 12.4 month overall survival, and a progression free survival of 4.3 months [27] . Non-gamma chain cytokine IL-12 in combination with cytotoxic T-lymphocyte antigen-4 (CTLA-4) blockade has produced tumor regression in a syngeneic model of advanced glioma [28] (Fig. 1) .
While cytokine therapy is capable of inducing broad effector immune responses, this potentially anti-tumor effect is also responsible for widespread toxicity caused by systemic interleukin administration alone [12] . The value of cytokines may be as adjunctive therapies alongside immunotherapies such as adoptive T-cell transfer. Interleukin-2 is the only FDA-approved cytokine indicated in metastatic RCC for its ability to cause high rates of tumor regression [29] . While used successfully alone in the treatment of metastatic cancers, IL-2 garnered great utility for its ability to expand cancer-specific T-cells ex vivo and preserve the growth and number of adoptively transferred T-cells in vivo [30, 31] . Adoptively transferred autologous tumor-infiltrating T-cells administered alongside IL-2 in patients with melanoma resulted in 22 % complete tumor regression and a 5-year survival of 29 % [31] .
Immune checkpoint blockade
Tumor-targeted antibody therapy encompasses antibodies that target tumor antigen to result in tumor cell death as well as antibodies that prevent tumor-mediated immune inhibition, also known as antibody-based immune checkpoint blockade. This section will focus on the mechanisms of immune checkpoints. Inhibitory immune checkpoints are responsible for down-modulating immune function to prevent autoimmunity in times of inflammation. Ligandcheckpoint receptor interactions may up-or down-regulate lymphocyte activity via a series of intracellular signaling cascades. Poorly immunogenic tumors have appropriated this machinery by expressing the ligands of inhibitory checkpoints and dampening the effector function of immune cells with the potential for anti-tumor activity. Programmed death-1 and CTLA-4 are two of such inhibitory immune checkpoints, among many others [32] . Parsa and colleagues have found that the loss of tumor suppressor PTEN in some GBM cells results in overexpression of B7 homolog 1 (B7-H1), also known as programmed death ligand-1 (PDL1). While an important finding, the actual expression profile of PDL1 in GBM is as yet unclear. Engagement of PD-1 with PDL1 in the periphery results in decreased activity of antigen-experienced T-cells and subsequent T-cell exhaustion and anergy. This system prevents autoimmunity in peripheral inflammatory responses, but can be utilized by PDL1-expressing tumors to depress cytotoxicity of lymphocytes in the tumor microenvironment. The combination of antibody mediated PD-1 blockade and stereotactic radiation in a murine intracranial glioma model has demonstrated significantly improved survival and tumor regression, suggesting synergism between PD-1 blockade and radiotherapy [33] . Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a co-inhibitory receptor that outcompetes stimulatory CD28 for binding to CD80 and CD86 [34, 35] . The inhibitory effects of CTLA-4 occur largely in naïve and resting T-cells, and act to down-regulate T-cell effector function and augment the inhibitory activity of Tregs. The combination of anti-CTLA-4 immunotherapy and radiation has induced tumor regression and prevention of metastases in a murine breast cancer model, and this effect was found to be mediated largely by CD8? T-cells [36] . Combination checkpoint blockade has led to significant strides in anti-cancer therapy, with the combination of nivolumab (anti-PD-1, trade name Opdivo) and Ipilimumab (anti-CTLA-4, trade name Yervoy) resulting in a 53 % response rate with a manageable safety profile in patients with melanoma [37] . While anti-PD-1 and anti-CTLA-4 therapies are the closest to clinical use, a number of immune checkpoints, including TIM-3, GITR, and KIR, are in pre-clinical studies and may play a future role in clinical therapy. [38] [39] [40] . In human gliomas, the most common EGFR mutation is variant III (EGFRvIII); as such, EGFRvIII has become a major target of DC-based anti-glioma immunotherapy [41, 42] . A phase III clinical trial (ACT IV) is ongoing in newly diagnosed EGFRvIII positive GBM treated with CDX-110 (PEPvIII-KLH vaccine), a vaccine directed against a mutated segment of EGFRvIII (PEP-3). A phase II study (ReAct) is also studying the effects of CDX-110, this time in those with recurrent GBM that is refractory to bevacizumab. While checkpoint blockade and vaccine therapy have independently shown promise in pre-clinical and clinical models of GBM, it may be that the future of immunotherapeutics may be in combination regimens, involving current standard therapies and multiple types of immunotherapies targeting distinct anti-tumor immune mechanisms.
Vaccine therapy
Active immunotherapy includes vaccine therapy targeted to tumor antigens. Cancer vaccines come in a number of forms, including dendritic cell (DC) vaccines that are loaded with tumor lysate, pulsed with specific MHC I derived tumor peptide, or injected directly into the tumor. While the clinical experience with anti-cancer vaccines overall has been disappointing, antigen-specific vaccines against GBM are entering clinical trials with initially promising results. One such DC vaccine for glioma involves the antigen epidermal growth factor receptor (EGFR), which is a transmembrane tyrosine kinase that is overexpressed in a structurally rearranged form in approximately 50 % of malignant gliomas and contributes to increased oncogenicity
The current state of immunotherapeutics
The recent surge in discovery of unique cancer antigens and molecular modulators of immune function has catapulted immunotherapeutic agents such as anti-cancer vaccines and immune checkpoint inhibitors into clinical trials, with promising results (Table 1 ). The recent FDA approval of Pembrolizumab, the first approved anti-PD-1 therapy, has placed anti-PD-1 alongside anti-CTLA-4 (Ipilimumab) as the only immune checkpoints approved for use in humans. Immunotherapies are being actively investigated in a number of human cancers, including GBM, and may represent a paradigm shift in the treatment of disease resistant to standard therapies. Checkpoint inhibitors Ipilimumab and anti-PD-1 agents lambrolizumab and nivolumab have demonstrated improved survival and significant tumor regression in melanoma [43] [44] [45] . Even in poorly immunogenic tumors such as GBM, vaccines such as those targeted to heat shock protein-96 (HSP-96) are being pursued as safe and potentially efficacious treatments, with a median survival of 42.6 weeks in a phase I trial of HSP-96 [46] . A study of a tumor-associated antigen vaccine of DCs pulsed with multiple peptides resulted in median overall survival of 38.4 months [47] , and a number of phase I and II trials involving tumor antigen associated vaccines are currently underway in GBM (NCT02078648, NCT01280552, NCT01920191). Currently, the most promising tumor specific antigen vaccine is rindopepimut, a synthetic peptide vaccine of the splice site of EGFRvIII, which is expressed in approximately 30 % of GBMs [39] . Phase I and II trials of rindopepimut have confirmed safety and elicited anti-tumor responses specific to EGFRvIII, albeit patients in these studies did not have high tumor burden or poor performance status [40, 42, 48] . A randomized controlled trial of rindopepimut is now underway in EGFRvIII positive, newly diagnosed GBM (NCT01480479). In addition to a number of ongoing studies of peptide vaccines in GBM, checkpoints are under active study in advanced glioma, such as the combination of Ipilimumab with nivolumab versus nivolumab alone [49] . Immunotherapies are no longer potential treatments limited to pre-clinical models and early phase clinical studies. The introduction of immune checkpoint inhibitors in the clinic has ushered in an era of immunemodulating therapeutics that may be used alone or alongside standard therapies to combat a wide range of cancers.
The CNS: immune-privileged or immune-discrete?
The previously prevailing notion that the CNS is an immunologically privileged site is now challenged by a number of pre-clinical and clinical observations. Survival of engrafted tissue in the CNS initially supported the idea that the CNS is not immunologically robust, but later observations of tumor-mediated breakdown of the blood-brain barrier (BBB), incursion of immune cells, and excursion of CNS antigens to cervical lymphatics recapitulated the CNS as an immunologically dynamic organ and not an immunologically distinct compartment [50] [51] [52] . Antigens or antigen-loaded APCs from the CNS may migrate to draining cervical lymph nodes via interstitial fluid of perivascular spaces or in the cerebrospinal fluid through the cribiform plate and to the nasal mucosa [53] [54] [55] . Moreover, there is clinical evidence for the role of immunosurveillance in CNS tumors-downregulation of HLA class I in GBM and low circulating CD4? T-lymphocytes caused by standard therapy for GBM portend poorer survival [56, 57] .
Supporting such clinical findings, preclinical data illuminates the interplay of peripherally activated T-cells with CNS targets. While T-cells have been found to enter CNS tissue at random, antigen-specific T-lymphocytes are retained within the CNS to induce inflammation [58] . Tumor antigen-specific T-cells may proliferate rapidly and home to tumor and draining lymph nodes if provided an appropriate immune stimulus, made possible by the upregulation of genes responsible for cellular locomotion and chemokine adhesion [59, 60] . Finally, the CNS tumor microenvironment may foster further differentiation and enhanced effector function of antigen-specific T-cells, reflected by increased expression of interferon-c and granzyme B [61] . Microglia are derived from the common myeloid progenitor, but are phenotypically distinct from macrophages and monocytes [62] . The phagocytic cells of the CNS, microglia are responsible for protecting the neuronal architecture from invading pathogens while minimizing inflammation damaging to the brain parenchyma. A homeostatic mechanism for repopulation of depleted microglia by circulating monocytes has been described, indicating an essential niche for the myeloid compartment in the CNS [63] . While the role of microglia in antigen presentation to adaptive immune cells is ill defined, the representation of antigens to activated T-cells by microglia is crucial for the maintenance of antigen-specific T-cell populations in the CNS [62, 64] . Regarding the glioma microenvironment, microglia may facilitate tumor progression by releasing matrix metalloproteinases that enable tumor cell proliferation; microglia may also express immunosuppressive molecules such as programmed death ligand 1 (PD-L1), the ligand of PD-1 [65] . Nevertheless, inhibition of microglia-mediated immunosuppression in the tumor microenvironment may be an attractive target to enable an enhanced immune response.
Standard of care: barrier or facilitator of immunotherapeutic regimens?
Those who receive immunotherapeutic agents will have likely received or may be concurrently receiving chemotherapy or radiation for their cancer; it is important to understand whether the combination of standard therapies with immunotherapeutic drugs will facilitate or inhibit the anti-tumor effects of immunotherapy. In particular, the standard of care for GBM is the chemotherapeutic agent temozolomide (TMZ) in combination with radiation therapy (RT), and steroids such as dexamethasone are often prescribed to reduce the symptoms associated with tumorinduced intracranial edema. Chemotherapy has traditionally been viewed as antithetical to the mechanism of immunotherapy-its generalized cytotoxic effects often result in severe lymphopenia, and cell death incurred by chemotherapy occurs via a non-inflammatory apoptotic pathway [66, 67] . These assumptions have been challenged by findings that demonstrate a potentially synergistic effect of TMZ and EGFRvIII vaccine administration in GBM, provided that TMZ is administered outside of the period of effector T-cell proliferation [68] . Unexpectedly, these authors did not observe decline in overall CD4? and CD8? lymphocyte counts despite rounds of chemoradiation. The synergism between chemotherapy and immunotherapy may be a result of a decrease in circulating Tregs and consequent decline in their overall immunosuppressive effect [68, 69] . Nevertheless, it is important to emphasize that severe reductions in CD4 counts in individuals with high grade glioma treated with TMZ and radiation have been observed, and the increasing severity of CD4? lymphopenia was associated with significantly poorer survival [57] .
Similar to chemotherapy, RT has traditionally been considered an immunosuppressive agent as it targets rapidly dividing cells, such as T-lymphocytes [70] . Nevertheless, the consequences of such cytocidal effects may prove RT to be an effective adjuvant alongside immunotherapy. Tumor cells destroyed by ionizing radiation up-regulate a number of surface molecules and release cytokines that produce a pro-inflammatory environment, and the antigens released by apoptotic tumor cells provide an immunogenic substrate for anti-tumor inflammation [71] [72] [73] [74] [75] . Behaving as a vaccine, RT may prime an antitumor response by inducing expression of co-inhibitory molecules that may be subsequently blocked by immune checkpoints or other immunotherapeutics. Preclinical murine models of GBM have demonstrated synergism between PD-1 blockade and RT as well as between 4-1BB activation, CTLA-4 blockade and RT as evidenced by increased overall survival and significant tumor regression [33, 76] . Clinical studies in castration resistant prostate cancer have yielded favorable outcomes in a phase I/II clinical trial of anti-CTLA-4 therapy and radiotherapy, and phase III studies are now underway [77] .
Dexamethasone therapy is routinely used in the symptomatic treatment of GBM to decrease vasogenic edema associated with tumor growth. Steroids have been known to cause immunosuppression, as one of their major functions is anti-inflammatory. Dexamethasone therapy in BALB/c mice has preferentially decreased CD4? effector cell populations while preserving Tregs, possibly accounting for the anti-inflammatory effects of glucocorticoids [78] . If this is the case in the glioma tumor microenvironment, then dexamethasone therapy may abrogate the intended effects of immunotherapeutics, which commonly rely on up-regulation of the effector arms of the immune response and suppression of inhibitory forces such as Tregs. As yet, little is known about the effects of concomitant immunotherapy and dexamethasone in GBM.
Evidence regarding the potential pro-inflammatory role of chemotherapy and radiation in GBM and other tumor types provides promise for its use as a synergistic treatment modality alongside immunotherapeutics. While chemoradiation may facilitate immune-mediated anti-tumor activity, the anti-inflammatory effects of glucocorticoid therapy in GBM may prove to be counterproductive in immunebased treatment regimens. Additional studies are needed to examine the effects of dexamethasone on immunotherapy for GBM.
Future directions
Immunotherapy for GBM, in the form of immune checkpoint blockade and anti-tumor vaccines, is being actively studied in preclinical models and translated to clinical trials. Combination immunotherapies or treatment regimens involving both standard therapies and immunotherapies show promise as powerful anti-cancer therapies in GBM. A phase I clinical trial studying the effects of anti-PD-1 and anti-CTLA-4 combination therapy is currently recruiting for recurrent GBM (NCT02017717), and a number of studies of DC vaccines in recurrent and newly diagnosed GBM are also underway (NCT02010606, NCT02149225, NCT02049489, NCT01808820, NCT02078648). Preclinical successes in immunotherapy for GBM provide evidence that the brain is not an immunologically exclusive organ, but may participate dynamically with the immunologic periphery, providing opportunities for immune-based anticancer therapies. Combination approaches are promising future therapies for GBM, utilizing the anti-cancer and pro-inflammatory effects of chemoradiation in combination with multiple immunotherapeutic modalities.
